Sequence-specific DNA binding is a major activity of the tumor suppressor p53 and a prerequisite for the transactivating potential of the protein. p53 interaction with target DNA is tightly regulated by various mechanisms, including binding of different components of the transcription machinery, post-translational modifications, and interactions with other factors that modulate p53 transactivation in a cell context-and promoter-specific manner. The bifunctional redox factor 1 (Ref-1/APE1) has been identified as one of the factors, which can stimulate p53 DNA binding by redox-dependent as well as redoxindependent mechanisms. Whereas stimulation of p53 DNA binding by the redox activities of Ref-1 is understood quite well, little is known about mechanisms that underlie the redox-independent effects of Ref-1. We report in this study a previously unknown activity of Ref-1 as a factor promoting tetramerization of p53. We demonstrate that Ref-1 promotes association of dimers into tetramers, and de-stacking of higher oligomeric forms into the tetrameric form in vitro, thereby enhancing p53 binding to target DNA.
Sequence-specific DNA binding is a major activity of the tumor suppressor p53 and a prerequisite for the transactivating potential of the protein. p53 interaction with target DNA is tightly regulated by various mechanisms, including binding of different components of the transcription machinery, post-translational modifications, and interactions with other factors that modulate p53 transactivation in a cell context-and promoter-specific manner. The bifunctional redox factor 1 (Ref-1/APE1) has been identified as one of the factors, which can stimulate p53 DNA binding by redox-dependent as well as redoxindependent mechanisms. Whereas stimulation of p53 DNA binding by the redox activities of Ref-1 is understood quite well, little is known about mechanisms that underlie the redox-independent effects of Ref-1. We report in this study a previously unknown activity of Ref-1 as a factor promoting tetramerization of p53. We demonstrate that Ref-1 promotes association of dimers into tetramers, and de-stacking of higher oligomeric forms into the tetrameric form in vitro, thereby enhancing p53 binding to target DNA. Keywords: redox factor 1; p53 DNA binding; p53 oligomerization
The best studied and probably most important molecular function of p53 is that of a sequence-specific transactivator, which upon various cellular stress conditions activates transcription of a large number of target genes with functions in cell cycle control, DNA repair, and apoptosis (Vousden and Lu, 2002; Nakamura, 2004) . Binding of p53 to promoters of its target genes and their activation is tightly regulated by various mechanisms, including binding of different components of the transcription machinery (Espinosa and Emerson, 2001) , by different post-translational modifications (Oda et al., 2000; Appella and Anderson, 2001) , and by interactions with other factors that modulate p53 transactivation in a cell context-and promoter-specific manner (Nagashima et al., 2003; Nourani et al., 2003) . One of the cofactors positively influencing DNA binding of p53 in vitro (Jayaraman et al., 1997) and transcription in vivo (Gaiddon et al., 1999; Ueno et al., 1999) is the bi-functional redox factor 1 (Ref-1), which is involved in base excision repair (BER) and in activation of several transcription factors, the latter depending on its redox capacity (reviewed in Fritz et al., 2003) . Ref-1 activates p53 for sequencespecific DNA binding (SSDB) by reducing disulfide bonds in the p53 DNA binding domain (DBD) (Jayaraman et al., 1997; Ueno et al., 1999) . In addition, Ref-1 also is able to enhance DNA binding of reduced p53 by a redox-independent interaction with p53. It had been postulated that redox-independent activation of p53 is due to a regulatory interaction of Ref-1 with the p53 Cterminal regulatory domain (CRD), as truncated p53 lacking the CRD no longer could be activated by Ref-1 (Jayaraman et al., 1997) . Although a stable interaction between p53 and Ref-1 could not be shown (Jayaraman et al., 1997) , a small fraction of the p53 and Ref-1 proteins (about 5%) interacted in Far-Western and IPWestern assays in vitro (Gaiddon et al., 1999) . Furthermore, Tan et al., (2002) showed that Ref-1 and p53 colocalize in vivo, supporting the idea of a specific, albeit physically weak interaction of these proteins.
SSDB of p53 comprises two major modes of p53 DNA interactions: (1) interaction of p53 with 'linear' B-DNA. This interaction is almost exclusively mediated by the p53 DBD, and appears to be negatively regulated by the p53 CRD, as it can be enhanced either by posttranslational modification of the CRD, its removal or by interactions with other proteins such as 14-3-3s that bind to the p53 CRD (Waterman et al., 1998) . Binding of monoclonal antibody PAb421, specific for a Cterminal epitope, strongly enhances SSDB of purified p53 in vitro, as illustrated in Figure 1 and thus is commonly used to analyse p53 SSDB to linear DNA. (2) Interaction of p53 with non-B DNA. Owing to the palindromic structure of most p53 response elements, such elements can adopt non-B structures that can be modeled in vitro (Kim et al., 1997 (Kim et al., , 1999 Gohler et al., 2002) . SSDB to non-B DNA depends on the sequence-and structure-specific interaction of the p53 DBD with the DNA as well as the non-sequence-specific interaction of the p53 CRD with DNA (Gohler et al., 2002, reviewed in Kim and . Structureselective SSDB to non-B DNA thus is strongly inhibited by factors that interfere with nonspecific DNA binding of the CRD, like binding of PAb421 (Gohler et al., 2002; McKinney and Prives, 2002) ; reviewed in Yakovleva et al., 2002; Wo¨lcke et al., 2003 -promoter (p53-RE) as target DNA. The p53-RE was prepared either in its linear form (p53-RE lin ) or in a stem loop conformation (p53-RE struct ) as described previously (Gohler et al., 2002) . Figure 1a shows that linear DNA is only weakly bound by nonactivated (latent) p53 (lane 1), unless activated by addition of PAb421 (lane 2). In contrast, latent p53 binds efficiently to nonlinear DNA (lane 3), and is strongly inhibited by PAb421 (lane 4). Addition of dithiothreitol (DTT) enhanced the binding of p53 to the linear DNA substrate p53-RE lin (Figure 1b ), in accordance with previous reports (Hainaut and Milner, 1993; Delphin et al., 1994; Rainwater et al., 1995) , with 10 mM DTT providing maximal enhancement. DTT at identical concentrations also enhanced binding to the non-B DNA substrate p53-RE struct (Figure 1c ), indicating that binding of p53 to either DNA conformation requires a reduced status of the p53-DBD. Thus, enhanced DNA binding in the presence of 10 mM DTT corresponds to DNA binding by reduced p53.
To test whether Ref-1 may also influence p53 DNA binding independently of its reducing activities, we examined the effects of Ref-1 in the presence of 10 mM DTT. We found that addition of Ref-1 further and strongly enhanced binding of reduced p53 to p53-RE lin DNA in a dose-dependent manner, as previously described by Jayaraman et al. (1997) (Figure 2b ). The enhancing effect on DNA binding was specific to both Figure 1 Reduction of p53 by dithiothreitol enhances p53 binding to linear and to non-B target DNA. Affinity purified human wildtype p53 was used in EMSA to analyse DNA binding to the p53 response element of the p21 Waf1 -promoter in either a linear conformation: p53-RE lin (a, lanes 1-2 and b) or stabilized in a stem-loop structure: p53-RE struct (a, lanes 3-4 and c). p53 response element from the p21
Waf1 promoter was prepared either in linear form (p53-RE lin ) or in stem-loop conformation (p53-RE struct ) as described previously (Gohler et al., 2002) . DNA binding was performed in DNA binding buffer (50 mM Tris/HCl pH 7.5, 50 mM NaCl, 4 mM EDTA, 100 ng/ml BSA, 20 % (v/v) glycerol; 12.5 ng/ml nonspecific double-stranded competitor DNA) containing 500 cpm/ml specific 32 P end-labeled double-stranded DNA substrate and 0.15 mM purified p53 where indicated and analysed by EMSA. (a) Binding of the monoclonal antibody PAb421 to the CRD has opposite effects on DNA binding of p53 to linear (lanes 1-2) or nonlinear DNA (lanes 3-4). (b-c) Reduction of cysteine residues in the p53 DBD by DTT increases DNA binding to both linear and nonlinear DNA. Recombinant human wild-type p53 protein expressed in High Five insect cells (Invitrogen) was isolated and purified by heparin-sepharose chromatography (FPLC, Amersham Biosciences) as described previously (Janus et al., 1999) . p53 containing fractions were pooled and purified in a second step by immunoaffinity chromatography using a PAb421 monoclonal antibody column as described earlier (Huang, 1998 Figure 2a and c). Furthermore, the corresponding fraction from a bacterial control purification using the empty expression vector also did not influence the binding of p53 to p53-RE lin DNA (lanes 2 in Figure 2a and (Wang et al., 1995; Gohler et al., 2002; Weinberg et al., 2004) , encouraging us to test the hypothesis that Ref-1 might influence the oligomerization status of p53. Such an idea would also be in line (Berthold et al., 1992) and purified by metal affinity chromatography as described previously (Xanthoudakis and Curran, 1992) using Ni-NTA-agarose (Qiagen). The purified Ref-1 protein was dialyzed overnight in 10 mM HEPES/KOH pH 7.9, 1 mM DTT. The control protein purification was performed with the pH6Ex3 expression vector without insert in the same way Figure 1 except that competitor DNA was omitted. The reaction mixtures were separated in a native 2-6% polyacrylamide gradient gel (0.5 Â TBE) by electrophoresis followed by transfer of the radiolabeled DNA and protein onto a PVDF membrane (Immobilon, Millipore). DNA was detected by autoradiography (lanes 4-6) followed by immunodetection of the p53 protein with the monoclonal antibody DO-1 (lanes 1-3) . Comparison of the corresponding lanes in the two images clearly shows that only p53 tetramer but not p53 multimers (lane 2) bound to DNA (lane 5). Addition of Ref-1 led to de-stacking of p53 multimers to tetramers (lane 3) and the corresponding increase of DNA binding by tetrameric p53 (lane 6). (b) To confirm a Ref-1-mediated conversion of p53 into the tetramer, 0.15 mM p53 was incubated for 30 min in the presence or absence of 1 mM Ref-1 (50 mM Tris/HCl pH 7.5, 50 mM NaCl, 4 mM EDTA, 100 ng/ml BSA, 20 % (v/v) glycerol) followed by addition of 10 mM diamide (Sigma) to crosslink p53 subunits as described previously (Xanthoudakis et al., 1994) . After additional 20 min, incubation reaction mixtures were separated in a non-native SDS polyacrylamide gradient gel (2-15%) and transferred to a PVDF membrane. Immunodetection of p53 was performed by using DO-1 as described in panel a. In the absence of Ref-1 (lane 2), p53 oligomers ranging from monomeric to tetra-and higher-order oligomeric forms were detected. In contrast, tetramer is the highest oligomeric form of p53 in the presence 1-5) . At higher concentrations, the dimer and the higher oligomeric forms of p53 decrease and are converted into tetramers, as is evident from the strong increase in the amount of tetramerbound DNA (lanes 6 and 7) . The data shown in Figure 3 indicate that Ref-1 mediates de-stacking of higher oligomeric forms into individual tetramers, as well as the assembly of dimers into tetramers, and that this activity comprises the redox-independent mode of p53-SSDB activation by Ref-1.
Ref-1 contains two functional domains, the Nterminal redox regulatory domain comprising amino acids 1-127, and an overlapping C-terminal endonuclease domain comprising amino acids 61-318. The Nterminal domain has been shown to be sufficient for redox regulation of the AP-1 complex (Xanthoudakis et al., 1994) , and a C-terminally truncated Ref-1 was still able to activate p53 DNA binding (Jayaraman et al., 1997) . To analyse which domain of Ref-1 was responsible for the different activities of Ref-1 in activating p53, the two domains of Ref-1 were separately expressed and purified as described in Figure 4 . Figure 4a shows that the N-terminal Ref-1 domain was able to exert both, the redox-dependent activation of the p53 dimer and the p53 tetramer for DNA binding (cf. lanes 1 and 2) and the redox-independent promotion of tetramer formation (cf. lanes 4-7). The C-terminal endonuclease domain had only a marginal activating effect (Figure 4b ) that probably resulted from a residual activity of the overlapping redox-regulatory domain (amino acids .
Altogether our results demonstrate that Ref-1 modulates p53 DNA binding not only as a redox regulator but also as a factor, which facilitates the formation of p53 tetramers from higher oligomeric forms as well as from dimers. Whereas the redox regulatory function of Ref-1 had been described previously and most likely is mediated by the reduction of cysteine residues within the p53 DBD, the latter Ref-1 function is novel. Redoxindependent activation of p53 for DNA binding has been reported previously, but it had been attributed to a regulatory interaction of Ref-1 with the p53 CRD, ablating the proposed inhibitory effects of the CRD on the central DBD (Jayaraman et al., 1997) . However, this interpretation has been challenged by recent findings demonstrating that the CRD may, in fact, be required to support maximal levels of SSDB (Espinosa and Emerson, 2001 ) and that the overall structure of the central DBD does not seem to be influenced considerably by the CRD (Ayed et al., 2001) . The CRD appears to be a central regulatory element modulating p53 SSDB, which is DNA structure-dependent and occurs in different modes with target DNAs in linear or nonlinear conformation (reviewed in Kim and Deppert, 2003) . The opposite effects of the CRD on the interaction of p53 with DNA reflect a major difference between the different modes of SSDB (Espinosa and Emerson, 2001; Gohler et al., 2002; McKinney and Prives, 2002 derives from its ability to de-stack p53 multimers and also to stimulate the assembly of p53 dimers into tetramers. Concordant with the notion that the effects of Ref-1 on p53 tetramer formation are independent from its redox activity is the finding that cysteine residues, which are confined to the DBD in human p53, have no effect on p53 oligomerization (Rainwater et al., 1995) .
Acquisition of the tetrameric status is essential for the ability of p53 to act as a transcription factor. The assembly of p53 protomers into dimers is mediated by the oligomerization domain and occurs cotranslationally at the polysome. The assembly of p53 dimers into tetramers is also mediated by the oligomerization domain, but occurs post-translationally and is possibly regulated by p53 post-translational modifications, and also, as shown here, by interaction with Ref-1 (Johnson et al., 1995; McCoy et al., 1997; Mateu and Fersht, 1998, reviewed in Chene, 2001; Nicholls et al., 2002) . While the assembly of monomeric and dimeric p53 into tetramers is fairly well understood, little is known about possible mechanisms underlying the de-stacking of higher order oligomers or p53 aggregates into p53 tetramers, which is necessary to reactivate p53 as a transcription factor.
Ref-1 has been shown to act as an assembly and coordination factor for the repair complex in long patch BER (Tom et al., 2001) , and to coordinate the assembly of PCNA into the repair complex. p53 enhances short patch BER by stimulating the DNA binding activity of DNA polymerase b to AP-DNA. This stimulation occurs only in the presence of Ref-1, which is also necessary for short patch BER (Zhou et al., 2001) . Possibly, Ref-1 also acts as an assembly factor in short patch BER. We assume that the protein coordination and assembly activities of Ref-1 are responsible for the p53 de-stacking and tetramerization activity of Ref-1.
One can imagine that redox-dependent activation of p53, as well as promotion of tetramer formation by Ref-1 contribute to maintain p53's function as a guardian of the genome also under adverse conditions. Although it is rather unlikely that p53 forms intramolecular disulfide bonds in the p53 core domain in the reducing environment of the cell under normal conditions, certain cellular stress conditions disturb this reducing environment by the production of reactive oxygen species (ROS). Under such conditions, both Ref-1 and p53 are activated. ROS may oxidize cysteine residues of proteins, including p53, to disulfide bonds. Reduction of such damaged p53 will ensure p53 function even under such adverse conditions.
Our finding that the redox and repair factor Ref-1 can actively promote the dissociation of high-order oligomeric forms raises the possibility that Ref-1 may also enhance the p53 transcriptional response by redoxindependent mechanism. Although it is not known whether and when p53 multimers may form in vivo, the formation of high-order oligomeric p53 aggregates under in vitro conditions has been often encountered (see e.g. Figure 3 ). In vivo, the accumulation and stabilization of p53 in the nucleus provoked by cellular stress may create conditions favoring p53 aggregation, which, if not resolved, would be equivalent to functional p53 inactivation. Therefore, prevention of p53 aggregation under cell stress conditions may be important for achieving the maximal amount of transcriptionally active p53 molecules.
